An intensification of upwelling-favorable winds in recent decades has been detected in some of the main eastern boundary current systems, especially at higher latitudes, but the response of coastal phytoplankton communities in the Humboldt Current System (HCS) remains unknown. At higher latitudes in the HCS (35-40°S), strong seasonality in wind-driven upwelling during spring-summer coincides with an annual increase in coastal chlorophyll-a and primary production, and a dominance of microphytoplankton. In order to understand the effects of potential upwelling intensification on the microphytoplankton community in this region, annual and inter-annual variability in its structure (total and taxa-specific abundance and biomass) and its association with oceanographic fluctuations were analyzed using in situ time series data (2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)) from a shelf station off Concepcion (36.5°S). At the annual scale, total mean abundance and biomass, attributed to a few dominant diatom taxa, were at least one order of magnitude greater during spring-summer than autumn-winter, in association with changes in upwelling and surface salinity and temperature, whereas macro-nutrient concentrations remained relatively high all the year. At the inter-annual scale, total abundance and biomass decreased during the upwelling season of the 2006-2009 period compared with the 2002-2006 period, notably due to lower abundances of Skeletonema and Leptocylindrus, but the relative dominance of a few taxa was maintained. The 2006-2009 period was characterized by higher upwelling intensity, colder and higher salinity waters, and changes in nutrient concentrations and ratios compared with the first period. The interannual changes in the micro-phytoplankton community were mostly associated with changes in surface salinity and temperature (changes in upwelling intensity) but also with changes in Si/N and N/P, which relate to other land-derived processes.
Introduction
Eastern boundary current systems (EBCSs) are subject to environmental forcing on a wide range of temporal and spatial scales and generate different degrees of ecological variability (Mackas et al., 2006; Chavez and Messié, 2009; Escribano and Morales, 2012) . The impact of climatic and oceanographic changes on phytoplankton community structure is highly relevant since EBCSs sustain much of the ocean's productivity. Intensification of winds has been predicted and observed in most EBCSs (Sydeman et al., 2014; Bakun et al., 2015) but the impact on phytoplankton community structures and production remains uncertain . In general terms, EBCSs share oceanographic and ecological characteristics. They usually are dominated by a few micro-planktonic diatom taxa during upwelling events or seasons (Tilstone et al., 2000; Wilkerson et al., 2000; Lassiter et al., 2006) , when a combination of lower temperature, higher mixing, and/or elevated nutrient concentrations in the photic layer are found. Regional differences and seasonal to inter-annual variability of total phytoplankton biomass in the Humboldt Current System (HCS) in the eastern South Pacific EBCS ($5-40°S) has been described using satellite time series data of surface Chl-a (Yuras et al., 2005; Thomas et al., 2009 Thomas et al., , 2012 Correa-Ramirez et al., 2012) . Results from these studies have shown there are regional differences in the oceanographic mechanisms involved in the generation of the annual Chl-a maxima in the HCS (Echevin et al., 2008; Correa-Ramirez et al., 2012) . Also, these studies analyzed the effects of climate forcing, such as El Niño Southern Oscillation (ENSO), on the inter-annual variability of Chl-a (Thomas et al., 2009; Correa-Ramirez et al., 2012) . On the other hand, in situ HCS phytoplankton time series of more than two years have been limited to a few coastal stations off Peru (Ochoa et al., 2010) and Chile (Avaria, 1971; González et al., 2007; Sanchez et al., 2012) . All of them have mostly focused on the temporal variability of the micro-plankton fraction and used light microscopy for taxonomic identification and enumeration. While being consistent with satellite Chl-a based studies in terms of spatial and temporal patterns, they also contain a detailed characterization of taxonomic composition. For example, in situ time series data off Peru have shown that micro-phytoplankton abundance and taxanomic composition is dominated by large diatoms under La Niña conditions and by dinoflagellates under El Niño conditions (Ochoa et al., 2010) .
The coastal upwelling zone off central Chile ($30-40°S) is distinct from others in the HCS (off Peru and northern Chile) in that seasonal wind-driven upwelling is coupled with the annual increase in satellite-derived Chl-a (Yuras et al., 2005; CorreaRamirez et al., 2012; Morales et al., 2013) . Increased solar radiation during the annual cycle is also coupled to this Chl-a increase (Corredor-Acosta et al., 2015) . In this zone, nutrient enrichment of the surface layer has been attributed to wind-driven upwelling during spring-summer and river inputs from late autumn to early spring (Sanchez et al., 2012) . Data from the few, short-term, in situ time series located in the coastal band of this region have shown a spring-summer increase in Chl-a, cell abundance and/or carbonbiomass of the micro-phytoplankton in the water column (Avaria, 1971; González et al., 2007; Sanchez et al., 2012) . Interannual variability of phytoplankton in this region has only been analyzed in terms of satellite Chl-a time series and the impact of ENSO-related climate variability on Chl-a has been shown to be relatively weak in the coastal zone (Thomas et al., 2009; CorreaRamirez et al., 2012; Corredor-Acosta et al., 2015) .
In the coastal upwelling zone off central Chile, an in situ time series at the so-called St. 18 off Concepción ($36.5°S; Fig. 1a ) has contributed to characterize annual to inter-annual variability in the southern HCS. There, the annual temperature and salinity cycles in the upper layer are associated with variations in net surface heat flux, river discharge, precipitation, and coastal upwelling (Sobarzo et al., 2007) . Low dissolved oxygen (DO) values (<1 mL L
À1
) reach shallower waters during the upwelling season, exposing the euphotic zone to hypoxia (Escribano and Morales, 2012) . Phytoplankton studies with St. 18 data have been based on short periods (<3 consecutive years) and have shown that most of the micro-phytoplankton abundance is found in surface waters (<20 m depth) and is dominated by a few diatom genera (Anabalón et al., 2007; González et al., 2007; Sanchez et al., 2012) . Tintinnids and dinoflagellates also peak in summer but with abundances one order of magnitude lower than that of diatoms . In contrast, the seasonality of nanophytoplankton at St. 18 (2004 St. 18 ( -2006 is weak but the highest mean abundance and biomass values are registered during the upwelling season (Anabalón et al., 2007; Böttjer and Morales, 2007) . The year-round contribution of the pico-phytoplankton at St. 18 (2006 St. 18 ( -2008 , represented by the <3 lm fraction Chl-a, is small (mean of the series: 11% of total Chl-a) (ColladoFabbri et al., 2011) .
Recent analysis of a satellite Chl-a time series for the southern section of the HCS (35-38°S) indicated a significant trend of negative Chl-a anomalies during the upwelling season combined with positive wind (upwelling) anomalies in the coastal area for the period between 2002 (Corredor-Acosta et al., 2015 . Together with this, St. 18 time series data for the same period have shown a change in the oceanographic conditions between 2002 and, associated with this, changes in the meta-zooplankton community structure between these two periods (Medellín-Mora et al., 2016) . The present study focused on the extent to which seasonal to interannual upwelling intensification, and associated water column variability, influence micro-phytoplankton community structure in the strongly seasonal coastal upwelling regime of the southern HCS, using $7 year of in situ time series at St. 18.
Methods

Time series data
The time series St. 18 is located $18 nautical miles ($30 km) from the coast on the Itata Terrace off Concepcion (36°30 0 08 00 S; 73°07 0 97 00 W; 90 m depth), an area of high Chl-a concentrations (Fig. 1a) . Sampling was conducted monthly (the FONDAP-COPAS Center at the U. of Concepcion; www.copas.udec.cl) and includes oceanographic, biological, and biogeochemical variables. The study includes samplings carried out between August 2002 (beginning of the time series) and July 2009, with a total of 76 sampling cruises on board the L/C Kay-Kay (University of Concepcion). A large gap in the micro-phytoplankton sampling and data occurred between 2009 and 2010 after the 2010 tsunami off central Chile and therefore, data after July 2009 were not considered.
Each sampling at St. 18 included a continuous hydrographic profile obtained from a CTD (Sea Bird SBE-19 plus; SeaBird SBE-25) equipped with dissolved oxygen (DO) and fluorescence sensors (WetStar). Temperature (°C) and salinity (no units) data were used to estimate water density (as sigma-t, kg m
À3
) and, with that, stability or stratification intensity (expressed as potential energy anomaly, J m
; Bowden, 1983) was determined for the upper 30 m depth. Discrete water samples (Niskin 8 L bottles) for DO, nutrients (PO 4 , Si(OH) 4 , NO 2 , NO 3 , and NH 4 ), and sizefractionated Chl-a (micro-, nano, and pico-plankton) were obtained from 6 depth levels in the upper 30 m (0, 5, 10, 15, 20, and 30 m depth) . Nutrient concentrations (lM) were determined with an auto-analyzer (Alpkem flow solution IV; Strickland and Parsons, 1972) , except for NH 4 , which was analyzed by the fluorometric method (Turner Designs 10AU and Turner Design TD-700; Holmes et al., 1999) . DO (mL L À1 ) was analyzed by the Winkler method (Carpenter, 1965) and Chl-a (mg m
) by the fluorometric method (Turner Designs 10AU and Turner Design TD-700; HolmHansen et al., 1965) .
In addition, wind satellite time series data were analyzed in order to calculate an upwelling index (Bakun, 1973) . Daily wind data (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) for the 3 pixels closest to the coast (from the coast to 75 km offshore) in the area including St. 18 were obtained from the CCMP L3.0 product (Cross-Calibrated, Multi-Platform Ocean Surface Wind Velocity; 25 Â 25 km resolution; source: http://podaac.jpl.nasa.gov/). Wind data for 18:00 h GMT (14:00 local time) were selected for the calculations of the upwelling index since daily maximum values are usually attained around this time in the region of study (eg. Corredor-Acosta et al., 2015). 
Micro-plankton community structure
Micro-plankton samples were collected at a depth of 10 m using 30 L Niskin bottles and cells were gently concentrated through a 20 lm sieve to obtain a final volume of 100 mL. From 2004, samples were also collected at the surface. The samples were immediately preserved in buffered formalin (4%) and later on taxonomic composition and abundance was analyzed using sedimentation chambers and then an inverted microscope (Olympus CK2, 400Â magnification), following the Utermöhl method (Utermöhl, 1958 cited in González et al., 2007) . At least one hundred cells of the most common taxa in each sample were counted and half or all of the fields of view were examined depending on total cell concentration in the sedimentation chamber. Taxonomic composition of micro-planktonic diatoms and autotrophic/mixotrophic dinoflagellates was analyzed using the descriptions in Tomas (1997) , Anderson et al. (2002) , Taylor et al. (1995) , Rivera and Arcos (1975) , and Rivera et al. (1982) . The distinction of autotrophic/mixotrophic dinoflagellates was based on literature reports (e.g. Jacobson and Andersen, 1994; Stoecker et al., 1996; Jeong et al., 2010; Ochoa et al., 2010) . A low percentage of specimens ($5% of total abundance) were not identified and the counts of resting spores were not included in our analyses. Since different analysts were involved at different times and only light microscopy was used for taxonomic identification, our analyses focused on genera. However, we rechecked some samples to identify the most common and easily identified species of the dominant genera. Phytoplankton species composition has been detailed in previous studies in the same region (Rivera, 1968; Romero and Hebbeln, 2003) and for St. 18 (Sanchez et al., 2012) .
Phytoplankton carbon biomass was obtained from cell volume estimates for each taxon, including a total of 52 genera (38 diatoms and 15 dinoflagellates). Cell volume was derived from geometric models (Chrzanowski and Simek, 1990; Sun and Lui, 2003) using size measurements (length, width, diameter and height) of randomly selected cells (at least 20 of each taxon to obtain a median value. The carbon/biovolume conversion factors for diatoms were derived from Strathmann (1967) , Edler (1979) and MendenDeuer and Lessard (2000) were used for thecate and athecate dinoflagellates. We compared the biomass estimates obtained with different factors and, in general, we found that those provided by Menden-Deuer and Lessard (2000) are intermediate between those obtained with other factors (Anabalón et al., 2014) . In the case of mixotrophic dinoflagellates, 40% of the total cell biomass was allocated to the autotrophic fraction using the approach of Stoecker et al. (1996) . Micro-phytoplankton carbon biomass (mC) and micro-phytoplankton Chl-a (mChl-a or >20 lm size fraction) data were used to derive mean mC/mChl-a ratios.
Statistical analyses
The annual cycles of environmental (hydrography and nutrients) and biological (Chl-a and mChl-a) variables in the upper layer (0-30 m) were investigated through harmonic analysis using a least-square fitting (Aslan et al., 1997) for oscillations from 3, 4, 6 and 12 months. The contribution of these harmonics to total variance was evaluated but here we only report the results for the annual period of environmental and biological variables. For this purpose, transformed data (log 10 n + 1) were detrended (removal of temporal mean and linear tendencies) but the temporal mean was added later to reproduce the harmonic annual cycles with magnitudes comparable to the original signals. A cubic spline interpolation function was applied to plot these data. The patterns displayed by the annual harmonic cycles were adjusted with those obtained from the monthly climatologies of the variables. In addition, the monthly climatologies of the total abundance and biomass of micro-phytoplanktonic diatoms and dinoflagellates were obtained (10 m depth). For each taxon, the central values (mean and medians, plus one standard deviation from the mean) and an index of relative importance (IRI; the mean between the relative abundance/biomass and the relative frequency) were estimated. Of the total of sampling in the 2002-2009 period (76) , only 63 were selected for the statistical analyses after removing outliers and one of the sampling dates when bi-monthly frequency was applied during part of the first two years of the time series.
To explore annual and inter-annual variations in the structure (composition, abundance and biomass) of the micro-planktonic communities and the associated environmental variables, multivariate analyses were applied using PRIMER-E (version 6.1.13) with PERMANOVA (version 1.0.3) add-on software (Clarke and Gorley, 2006; Anderson et al., 2008) . Micro-phytoplankton and environmental data were categorized according to season (calendar seasons: summer, autumn, winter, and spring) and year (phenological years: from July year N to June year N + 1). For the microphytoplankton matrices, only the 10 m depth samples were analyzed since the sampling at the surface level began $2 y later. However, both data sets were highly correlated (Spearman, p < 0.001; n = 43; r = correlation coefficient) in terms of abundance (r = 0.81) and biomass (r = 0.87). Similarly, total Chl-a (r = 0.93) and mChl-a (r = 0.88) were highly correlated at both depths (n = 72).
The environmental matrix included 16 variables: upwelling index (UPI, represented by a 7-d mean value of the sampling date and the 6 d previous days), upwelling constancy (UPC, represented by the number of days with positive UPI values before the sampling date); stratification index (ST30), surface temperature (SST) and salinity (SSAL), vertical gradient (difference between the surface and 30 m depth) in temperature (Tgr) and salinity (Sgr), water density (10 m depth, sigma-t), integrated (0-30 m depth) nutrient concentrations (NO 3 , NO 2 , NH 4 , PO 4 , Si(OH) 4 , and the mean ratios (values between 0 and 30 m depth) between pairs of nutrients (Si(OH) 4 /N: Si/N; Si(OH) 4 /PO 4 : Si/P; and N/PO 4 : N/P, with N representing all three inorganic nitrogen forms). Since some of these variables were strongly correlated (Spearman, r > 0.60), those included in the multivariate analyses were reduced to 11 (UPI, UPC, ST30, SST, SSAL, PO 4 , NO 2 , NH 4 , Si(OH) 4 , Si/N, and N/P). In addition, preliminary analyses using the values of temperature and salinity at 10 m depth instead of the surface, and water column instead of integrated nutrient data, provided similar results (data not shown). Prior to the analyses, the environmental data were log 10 (n + 1) transformed, except for SST and SSAL, and then normalized. The biological data were transformed to square root for both abundance and biomass. Taxa included in the multivariate matrices were those representing 1% or more of the total abundance considering all the sampling dates. As resemblance measures, the Euclidean distance was used for the environmental data and the zero-adjusted Bray-Curtis coefficient for the biological data.
Non-metric multi-dimensional scaling (NMDS) was applied to the matrices to produce an unconstrained ordination (maximizing total data variation) of samples in the multivariate space. A permutational analysis of variance (PERMANOVA) was applied to the environmental and micro-phytoplankton matrices to assess the significance of the between-group variation (differences in the location of the NMDS groups) with respect to total data variation. The PERMANOVA procedure was based on type III (partial) sum of squares and unrestricted permutation of raw data. Since PERMA-NOVA is sensitive to differences in the dispersions among groups, a permutational analysis of multivariate dispersions (PERMDISP, based on deviation from centroids) tested the homogeneity of the within-group dispersion of the NMDS groups. In addition, a constrained ordination was obtained with a canonical analysis of principal coordinates (CAP; Anderson et al., 2008) in order to represent the ordination axes in the multivariate space that: a) maximized the between-group differences (CDA: canonical discriminant analysis) and b) maximized the correlations between the biological ordination and the environmental variables (CCorA: canonical correlation analysis). PERMANOVA, PERMDISP, and CAP analyses were run with 9999 permutations. For the PERMANOVA, the two factors (season and year) were evaluated separately since a two-factor analysis produced similar results but the withingroup differences (PERMDISP) were found to be significant.
Results
Time series data during the 2002-2009 time series indicated intense upwelling favorable winds during spring and summer (September to March), weaker during autumn, and downwelling events or relaxation periods during winter (Fig. 1b) . At St. 18, water column stratification in the upper layer (0-30 m depth) was less clear in seasonality (Fig. 1b) but in both variables inter-annual variability was evident when comparing the first four phenological years (2002) (2003) (2004) (2005) (2006) and the last three (2006) (2007) (2008) (2009) , with stronger upwelling and lower stratification during the later period. The climatological indexes PDO and MEI were mostly positive (warm phase) during the first period and mostly negative (cold phase) during the last period, whereas the AAO index was mostly positive during the last two years (Fig. 1c) . Strong seasonality in the St. 18 time series raw data was also detected in temperature, salinity, and density ( Fig. 2a-c) in the upper layer whereas this pattern was less evident in the macro-nutrients NO 3 , PO 4 , and Si(OH 4 ) (Figs. 2d-f) . In all cases, however, inter-annual variability was detected, with warmer and fresher waters, and higher integrated PO 4 and Si (OH 4 ) concentrations in the upper layer during the first period compared with the last one. Based on these preliminary observations, the following analyses were focused on the annual and inter-annual variability of the environmental and microphytoplankton community structure at St. 
Annual variability in environmental conditions and microphytoplankton structure
The annual harmonic cycle of the oceanographic variables in the upper layer was characterized by a thermal stratification and warmer waters during the spring-summer upwelling period and a stronger stratification during winter (June to August), the latter associated with lower salinity (<34.0) and density waters (sigmat < 26.0 kg m À3 ) (Fig. 3a-c) . The DO annual cycle indicated relatively homogenous conditions during the winter whereas waters with lower values (<3.5 mL L
À1
) appeared during the upwelling season (Fig. 3d) . In the upper layer, the annual cycle of nutrient concentration (NO 3 , NO 2 , PO 4 , and Si(OH) 4 ) ( Fig. 3e-h ) indicated an homogenous distribution during the winter compared to the upwelling season, when lower values were found in the top layer (0-15 m depth) compared to the subsurface (15-30 m depth). In terms of total Chl-a and mChl-a concentration in the upper layer, their annual harmonic cycles displayed a similar seasonality ( Fig. 4a and b) , with higher values (>3 mg m À3 ) in the top layer from spring to autumn (September to April). The monthly climatologies of biomass (10 m depth) for diatoms ( Fig. 4e ) and autotrophic/mixotrophic dinoflagellates ( Fig. 4f ) displayed a similar annual pattern as the Chl-a and mChl-a. Exploratory NMDS analyses of environmental and microphytoplankton matrices identified two large annual groups, upwelling and non-upwelling seasons, and a PERMANOVA based on these groups was highly significant (p < 0.001) for the micro- phytoplankton abundance and biomass data (pseudo-F = 9.5 and 10.5, respectively), as well as for the environmental data (pseudo-F = 14.5); within-group dispersion in all cases was not significant (PERMDISP p > 0.1). CAP-CDA analyses with the two NMDS annual groups were represented, for simplicity, in twodimensional graphs (4 levels or seasons). For the environmental matrix, the between-group difference was highly significant (p < 0.001) and the first canonical axis clearly segregated the upwelling and non-upwelling groups (canonical correlation d1 = 0.87); the total CAP correct classification of the samplings in each group was high (97%). The variables that contributed most to the segregation in the ordination along the first axis (Fig. 5b) were surface salinity (r = À0.83) and the upwelling index (r = À0.55). The environmental variables were characterized by higher upwelling (UPI and UPC), higher SST and Tgr values, and lower stratification (ST30 index and Sgr) during the upwelling compared with the non-upwelling season whereas the integrated nutrient concentrations in the upper layer were relatively high year-round and the differences in the central values were small (<30%) or very small (<5% in the case of Si(OH 4 ) ( Table 1) .
For the micro-phytoplankton biomass data, a CAP-CDA analysis indicated that the between-group annual differences were highly significant (p < 0.001), with the first canonical axis segregating taxa associated with upwelling and non-upwelling seasons (d1 = 0.87); the total CAP correct classification of the samplings in each group was high (92%). The taxa that contributed most to the segregation in the ordination along the first axis (Fig. 5b) were Corethron, representative of non-upwelling (r = 0.58), whereas Skeletonema and some species of Thalassiosira (T. anguste-lineata, T. aestivalis) and Chaetoceros (C. compressus and C. debilis), together with Eucampia, Pseudo-nitzschia, and Protoperidinium, were representative of upwelling (r = À0.53 to À0.67).
Total diatom abundance and biomass values (10 m depth) were one to two orders of magnitude higher during upwelling compared to non-upwelling; the same pattern was observed for mChl-a (integrated and at 10 m depth) (Table 2) . Chaetoceros, Skeletonema, Thalassiosira, and Leptocylindrus contributed most to total abundance and biomass during upwelling (combined IRI $50), increasing from one to three orders of magnitude with respect to non-upwelling (Table 3) . These taxa remained important in abundance during non-upwelling (combined IRI $30%), together with Corethron, Pseudo-nitzschia, and Asterionellopsis (combined IRI $31%). In terms of biomass, however, Corethron became the most important contributor during non-upwelling (IRI $20%), as reflected in the CAP-CDA analysis (Fig. 5b) .
The CAP-CCorA analysis combining the micro-phytoplankton biomass with the environmental variables ( Fig. 5c and d) indicated that there were some strong and significant relationships between both sets (p < 0.001; d1 = 0.85 and d2 = 0.69). The seasonal shift in micro-phytoplankton structure was strongly associated (canonical eigenvector) with surface salinity (À0.67) and SST (À0.43) in the first axis (r = 0.85) and by the upwelling index (0.50), SST (À0.47), and the N/P ratio (À0.44) in the second axis (r = 0.69). . CAP ordination plots for the factor season (4 levels) applied to the environmental and the micro-phytoplankton (biomass) matrices. Only two symbols were used in these diagrams to emphasize the differences between two groups of seasons, upwelling (UPW) and non-upwelling (NUPW). Upper panels: CAP-CDA on environmental variables (a) and micro-phytoplankton taxa (b). Lower panels: CAP-CCorA combining both matrices to explore their relationships; the environmental variables (c) and biomass of different taxa (d) are represented. In all the cases, the vector overlay of the rank correlations was restricted to those having lengths P0.4 for the biological data and P0.6 for the environmental data; these values are not reflected in the axis because the multiple vectors are distributed in a multispace (sphere) but they are provided by the CAP analysis (canonical eigenvectors in the space of X; Anderson et al., 2008) . Abbreviations for the environmental variables are detailed in Table 1 and for the microphytoplankton in Table 3 . highly significant (p < 0.001; pseudo-F = 8.0) whereas the withingroup dispersion was not significant (PERMDISP, p > 0.07). In contrast, a PERMANOVA with the micro-phytoplankton abundance and biomass matrices displayed no significant differences between the two periods (p > 0.2, pseudo-F = 1.1 and 1.3, respectively) and for the within-group dispersion (PERMDISP, p > 0.2). Next, these analyses were applied to data separated into upwelling and nonupwelling samplings for the two periods of years. The results for the environmental matrix remained similar and the microphytoplankton matrices for the upwelling season formed the same Table 2 Integrated (0-30 m depth) total Chl-a (in-Chl-a) and micro-phytoplankton Chl-a (in-mChl-a), and total Chl-a, mChl-a, and micro-phytoplankton abundance and biomass (10 m depth) of autotrophic/mixotrophic dinoflagellates (DINOF) and diatoms (DIATO) at the St. 18 time series (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) NMDS groups detected in the environmental matrix, with significant differences between groups (PERMANOVA, p < 0.05; pseudo-F = 1.9 and 2.3, respectively) and no significant differences in the within-group dispersion (PERMDISP, p > 0.4). For the nonupwelling season, the period differences remained not significant in the micro-phytoplankton matrices (PERMANOVA, p > 0.2; pseudo-F = 0.8 and 1.2, respectively; PERMDISP, p > 0.1). CAP-CDA analyses with the two NMDS inter-annual groups for the environmental and biological matrices were represented, for simplicity, in two-dimensional graphs (7 levels or years). For the environmental matrix, including the total and a seasonal separation of the data, the differences were highly significant (p < 0.001; d1 = 0.77-0.88) and the total CAP correct classification was high (81-91%). The CAP-CDA ordination for data during the upwelling season (Fig. 6a) clearly separated the two periods of years along the first axes (d1 = 0.79), mostly on the basis of nutrients, including Si/N (r = À0.89), Si(OH) 4 (À0.75), PO 4 (À0.63), and N/P (0.70). Si(OH) 4 and Si/N values during both seasons were higher (30-40% and 45-50%, respectively) in the first period than in the last one, while those of N/P were slightly lower (<30%) ( Table 4 ). In addition, SST values were was slightly higher during both seasons of the first period, together with a higher salinity gradient and lower surface salinity during the non-upwelling season, when compared with the last period.
For the micro-phytoplankton biomass matrix, a CAP-CDA analysis indicated that both total and non-upwelling data associated with the two periods of years were not significantly different (p > 0.1). However, the upwelling data for these two periods was highly significant (p < 0.001; d1 = 0.93) and total CAP correct classification was high (91%). A CAP-CDA ordination for the upwelling season of the two periods of years ( Fig. 6b) clearly separated them along the first axis (d1 = 0.86). Different species of Chaetoceros and Thalassiosira were represented mostly in one of the periods: (a) Ch. decipiens, Ch. didymus, Ch. curvisetus, Th. anguste-lineata, and Th. minuscula in the first period (r = À0.40 to À0.49), and (b) Ch. socialis, Ch. debilis, and Thalassiosira spp. (r = 0.35-0.40), together with other diatoms (Corethron and Coscinodiscus; r = 0.30-0.36) and dinoflagellates (Diploneis and Scrippsiella; r = 0.52), in the last period. Total micro-phytoplankton abundance and biomass (10 m depth), as well as Chl-a and mChl-a (integrated and at 10 m depth), were represented by lower values during the upwelling season of the last period compared to the first, whereas the abundance and biomass of autotrophic/mixothrophic dinoflagellates was lower during the latter. The differences between the central values of each period was highest (3-5 times) for mChl-a, and the abundance and biomass of diatoms and dinoflagellates (see Table 5 ).
The mean abundance of taxa that contributed most to the total decreased during the upwelling season of the last period (Table 6) , slightly (<30%) in the case of Chaetoceros and Thalassiosira but moderately ($60-80%) in Skeletonema and Leptocylindrus. A similar pattern was observed for mean biomass except for a large decrease ($60%) in Chaetoceros, implying a change to smaller size species or sizes during the last period. The diatom genera remained a dominant component in abundance and biomass of the microphytoplankton during the upwelling season of both periods of years (combined IRI $52-58% and 52-43%, respectively). Fig. 6 . CAP ordination plots for the year factor (7 levels) applied to the environmental and the micro-phytoplankton (biomass) matrices. Only two symbols were used in these diagrams to emphasize the differences between two groups of phenological years, 2002-2006 and 2006-2009 . Upper panels: CAP-CDA on environmental variables (a) and micro-phytoplankton taxa (b). Lower panels: CAP-CCorA combining both matrices to explore their relationships; the environmental variables (c) and biomass of different taxa (d) are represented. In all the cases, the vector overlay of the rank correlations was restricted to those having lengths P0.4 for the biological data and P0.6 for the environmental data (see explanation in Fig. 5) . Abbreviations for the environmental variables are detailed in Table 4 and for the micro-phytoplankton in Table 3 .
The species with the highest mean abundance during the upwelling season of the 2002-2006 period were C. compressus, C. debilis, L. danicus, and T. anguste-lineata; in terms of biomass, the latter was dominant (Table 6 ). During the upwelling season of the first period, C. compressus and C. debilis remained numerically dominant, together with C. radicans, whereas T. anguste-lineata was dominant in biomass; the IRI values reflected these patterns (Table 6 ). Some species decreased one to two orders of magnitude in mean abundance during the last period (C. convolutus, C. didymus, C. decipiens, C. curvisetus, C. teres, and T. aestivalis), whereas others did so during the first period (T. decipiens and T. minima); a similar pattern was detected for the biomass (Table 6) .
The results of CAP-CCorA analysis based on the upwelling season of the two periods of years (2002-2006 and 2006-2009) indicated significant relationships between the micro-phytoplankton biomass and the environmental matrices (p < 0.05; d1 = 0.86 and d2 = 0.75; Fig. 6a and b) . A shift in micro-phytoplankton structure between the two periods ( Fig. 6c and d ) was mostly associated (canonical eigenvectors) with surface salinity (À0.55), NO 2 (À0.48), and the Si/N ratio (À0.44) in the first axis (r = 0.86), and SST (À0.61), Si/N (0.44) and N/P (À0.46) in the second axis (r = 0.75).
Discussion
Recent changes in climatic and oceanographic conditions in the southern HCS have had an impact on the community structure of the micro-phytoplankton (this study) and the meso-zooplankton (Medellín-Mora et al., 2016) in the coastal upwelling zone, based on the analysis of St. 18 time series data and the fact that this sampling station has been previously shown to adequately represent the spatial variability of the plankton in shelf waters in this region Morales and Anabalón, 2012) . In the following sections, we explore the potential forcing factors behind the observed annual and inter-annual changes in microphytoplankton community structure to understand the effects of sustained wind intensification on micro-phytoplankton communities of this coastal system.
Factors involved in the annual variability in micro-phytoplankton community structure
Results of the present study show that the seasonal variation of the micro-phytoplankton in the southern HCS was strongly associated with changes in surface salinity and wind-driven upwelling. SST and N/P ratio were also involved but the magnitude of their seasonal change in terms of central values was relatively low. Wind-driven upwelling has been usually identified as an indirect factor of phytoplankton annual variability in EBCs since it contributes to the transport of subsurface nutrient-rich waters to the surface layer (Mackas et al., 2006; Chavez and Messié, 2009 ). However, St. 18 time series data on integrated nutrient concentrations in the upper layer showed a weak seasonality (mean percentage of the annual harmonic variance <30%) and the mean values Table 5 Integrated (0-30 m depth) total Chl-a (in-Chl-a) and micro-phytoplankton Chl-a (in-mChl-a), and total Chl-a, mChl-a, mC/mChl-a ratios (w/w), and micro-phytoplankton abundance and biomass (10 m depth) of autotrophic/mixotrophic dinoflagellates (DINOF) and diatoms (DIATO) at the St. 18 time series (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) remained relatively high throughout the annual cycle (this study; Montero et al., 2007) , except for sporadic exhaustion events . These results suggest that the input of nutrients to the upper layer in shelf waters of this region is attributable to seasonal wind-driven upwelling and to other processes occurring during the non-upwelling season. Riverine nutrient input to coastal waters in this region (Itata and Bio-Bio Rivers) is a relevant source (Iriarte et al., 2012; Leniz et al., 2012; Yévenes et al., 2015) . So, if macro-nutrient supply to the upper layer in the coastal zone is relatively constant during the year, what are the factors shaping the annual micro-phytoplankton cycle? It has been previously proposed that water-column mixing and turbulence in the upper layer induced by seasonal upwelling directly contributes to a substantial seasonal increase in the diatom-dominated micro-phytoplankton community , as oppose to a condition of higher water-column stratification associated with the seasonal increases in river discharge and precipitation (late autumn to early spring). Nevertheless, annual fluctuations in stratification in the upper layer have been shown to be minimal (Sobarzo et al., 2007) . Part of this may be explained by the strong mixing events produced by downwelling winds during the winter together with a narrowing and deepening of the Itata plume in the coastal zone adjacent to St. 18 (Saldías et al., 2012) . Also, river plumes in the southern HCS are shallower ($20 m depth in winter) than those in high latitudes of the California Current System, notably that of the Columbia River (Oregon), so that less wind forcing is necessary for their dispersal (Sobarzo et al., 2007) . Altogether, a weak annual signal in stratification and macro-nutrients suggests that there are appropriate conditions for year-round dominance of micro-planktonic diatoms in shelf waters and they do not explain the large annual changes in their abundance and biomass.
Seasonal changes in salinity in the upper layer may directly affect micro-phytoplankton community structure in this upwelling region if the tolerance levels to reduced salinity in the dominant diatom genera are low. However, the composition and biomass of the dominant diatom taxa at St. 18 with those at a station near the Itata River mouth were found to be similar during different seasons (Iriarte et al., 2012) . In summary, it appears that other factors not included in this study, such as seasonal changes in water-column Table 6 Abundance and biomass of micro-phytoplankton taxa at St. 18 (2002 St. 18 ( -2009 light intensity, micro-nutrient availability (eg. iron), and/or in grazing pressure, may directly influence the observed strong annual variability in micro-phytoplankton community structure, whereas salinity and wind-driven upwelling are indirectly involved.
Mechanisms behind inter-annual variability in microphytoplankton community structure
An intensification of wind-driven upwelling in the southern HCS region has been observed from 2002 to 2012 (CorredorAcosta et al., 2015) and this condition has been related to an intensification of the Southeast Pacific Subtropical Anticyclone together with its shift towards the southwest (Ancapichún and Garcés-Vargas, 2015; Schneider et al., in press ). At St. 18, a decrease in water column stratification and a cooling of the entire water column, together with an increase in the upper layer salinity onwards from 2007 has been observed (Schneider et al., in press ). During the same period, a negative trend in meso-zooplankton biomass has been reported , together with a significant change in its taxonomic and size composition from 2007 on (Medellín-Mora et al., 2016) . Our findings confirm that there were significant environmental changes during the 2002-2009 time series, notably in terms of surface salinity, SST, and macro-nutrient ratios (Si/N and N/P), which were associated with changes in the micro-phytoplankton community structure at St. 18 during the productive season.
In (Yévenes et al., 2015; Schneider et al., in press ). Also, a decrease in silicate and a slight to moderate increase in nitrate during the last period were detected, resulting in a large reduction (up to 100%) of the mean Si/N ratios and an moderate increase of the mean N/P ratios (this study). An increase in nitrate levels during the period of study could be partly associated with an increase (from 2004 on) in the mean annual discharge of nitrogen in the local rivers through antrophogenic activity (Yévenes et al., 2015) , which, in turn, would produce changes in the Si/N and N/P ratios of coastal waters. Changes in Si/N ratio associated with increasing nitrate loading from land to coastal waters, without large changes in Si, influence diatom growth dynamics and eventually can lead to Si-limitation (Gilpin et al., 2004) . Thus, it is likely that the observed changes in both total and taxa-specific diatom biomass observed in the present study were stimulated by recent changes of the Si/N ratios in the coastal zone. At the same time, the dominance of different diatoms species in coastal waters may affect the ambient Si/ N ratios through differences in their uptake rates. For example, Chaetoceros and Thalassiosira species were found to have cellular Si/N ratio changing with the ambient Si/N ratio but their Si/N uptake ratios during the growth phase were found to be different, being almost constant at $0.5 during exponential growth in the first case and an increase in it with higher ambient ratios in the latter (Kudo, 2003) .
In our study, a change in the Si/N ratio between the two periods of years appears to have had a greater impact on some but not all the dominant diatom genera at St. 18. Skeletonema and Leptocylindrus exhibited the largest reduction in abundance ($82 and $66% in terms of the central values, respectively) during the last period (2006) (2007) (2008) (2009) whereas the impact on Chaetoceros and Thalassiosira was low. This decrease may be partly explained by differences in the physiological response of the dominant taxa to changes in Siavailability. For example, the cosmopolitan species Skeletonema costatum appears to be more sensitive to silicate deficit than other dominant taxa, such as Chaetoceros spp., but with severe silicate limitation they all can rapidly decrease in abundance (Harrison and Davis, 1979; Yamamoto and Tsuchiya, 1995; Nelson and Dortch, 1996) . Climate-induced changes in total phytoplankton abundance but with different response patterns at the species level has also been observed in the NE Atlantic upwelling region (Bode et al., 2015) , suggesting that quantifications of total community variations takes no account of the different species/genera responses.
In summary, the inter-annual changes in the microphytoplankton community in the southern HCS were mostly associated with changes in surface salinity and temperature (related to changes in upwelling intensity) but also with changes in Si/N and N/P, which relate to other land-derived processes. Under a scenario of a sustained increase in upwelling intensity in the coastal upwelling zone in this region, an increase in offshore transport of plankton and/or in water-column turbulence would negatively affect micro-phytoplankton biomass and total primary production on shelf areas of EBCSs (Lachkar and Gruber, 2012) . However, reduction in river discharges and precipitation under colder conditions would decrease nutrient inputs to the coastal zone and, thus, negatively affect total micro-phytoplankton abundance and biomass in shelf waters. Nevertheless, the diatom genera Chaetoceros-Skeletonema-Thalassiosira are highly persistent components in the highly dynamic system of the southern HCS (Romero and Hebbeln, 2003 ; this study), other EBCs (Bode et al., 2015; Abrantes et al., 2016) , and coastal zones (Carstensen et al., 2015) , which implies that they have a rapid adaptability to changing environmental conditions.
